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A junction between two lamellar bands of ferroelectric domains in a lead zirconate 
titanate (PZT) ceramic is analysed using Kikuchi diffraction patterns in the 
transmission electron microscope.  Indexing of the diffraction patterns allowed the 
determination of the 3D relative orientation of the 4 different domains at the junction 
and thus the characterisation of the domain boundaries.  The local c/a ratio could also 
be determined from the misorientations at the domain boundaries.  Analysis of the 
data showed that large stresses were concentrated at the junction, and that this is 
inevitable at such band junctions.  Such stress concentrations could act as nuclei for 
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cracking of the ceramic under additional loading in service, perhaps particularly as a 
consequence of extended electromechanical cycling.  Moreover, the stresses would 
increase with increasing c/a making the issues all the more serious for Ti-rich 
compositions having larger c/a ratios. 
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I. Introduction 
 
Pb(Zr,Ti)O3 (PZT) ceramics are well-known and well-used ferro- and piezo-
electric materials.  Despite the fact that they have been used and studied for over 50 
years, there are many issues that are insufficiently well understood.  For example, 
only in the last 10-15 years has significant attention been devoted to the issue of 
switching mechanisms and fatigue due to electrical and mechanical cycling (e.g. Jiang 
et al.1,2, Nuffer et al.3,4).  Also much attention has been focussed on understanding the 
details of the crystallographic phase relations in the system, ever since the recent 
discovery of a monoclinic phase in the system5. 
Ferroelectric materials undergo a phase transition from a high symmetry 
paraelectric phase to a lower symmetry ferroelectric phase on cooling through the 
Curie temperature with an associated distortion of the unit cell.  Partly to minimise 
strain and partly to reduce the bulk polarisation to zero, each grain in a polycrystalline 
ceramic will split into several domains, each with a different orientation of the polar 
axis and unit cell distortion.  The walls between these domains tend to lie on well-
defined crystallographic planes in order to minimise mismatch and strain at the 
walls6,7, especially where the piezoelectric distortion is high.  This often results in 
lamellar domain structures where two domains alternate whilst always separated by 
the same plane, as is often the case in BaTiO3 and tetragonal phase PZT8.  Because 
the grains in a polycrystal are constrained by their neighbours, more complex 3D 
domain structures are adopted in order to minimise shape change of the individual 
grains.  Structures that fulfill this criterion for tetragonal ferroelectrics have been 
considered in detail by Arlt et al. 9,10.  This results in the adoption of a so-called 
“herringbone” domain structure above a certain critical grain size, whereby different 
bands of lamellar structures alternate in a grain.  These result, however, in stress 
concentrations both within grains at the lamellar junctions9,10 and at grain 
boundaries11. 
Whilst it is straightforward to image domains and domain walls using a variety 
of techniques including conventional light microscopy, scanning electron microscopy 
(SEM) and transmission electron microscopy (TEM), it is more difficult to directly 
determine the crystallographic relationship between domains.  This is more usually 
inferred from the known structure of the material (from X-ray diffraction) combined 
with stereographic analysis of the angles between the intersections of the domain 
walls with the sample surface.  It is, however, possible to directly determine the 
relative orientation of domains using diffraction techniques such as Kikuchi 
diffraction patterns in TEM or electron backscattered diffraction in SEM.  Such 
diffraction patterns reveal the full 3D orientation of a crystal.  Thus if two patterns are 
recorded from adjacent crystals or domains without tilting the goniometer, then the 
full relative orientation matrix relating the two crystals can be determined.  Progress 
has been made on the automation of this on some TEM/CCD camera systems12-15.  In 
the present work a manual method to index Kikuchi patterns in order to thereby obtain 
information about the misorientations and strains associated with domain structures in 
a tetragonal PZT composition. 
 
 
II. Experimental methods 
 
Sample preparation and characterisation 
Samples with a nominal composition of (Pb0.965La0.01Sr0.02)(Zr0.45Ti0.55)O3 were 
prepared by a mixed-oxide method from PbO, ZrO2, TiO2, La2O3 and SrCO3 powders.  
The powders were milled in isopropanol for 3 hours using ZrO2 milling balls.  The 
resulting slurry was then separated from the milling balls and dried in a rotary 
evaporator at 70-80°C, further dried at 100°C for 2-3 days, and then calcined at 850°C 
in an Al2O3 crucible for 2 hours.  The resulting powder was then milled in a planetary 
ball mill for 6 hours with ZrO2 balls to destroy hard agglomerates and pressed 
uniaxially into 12 mm pellets using a pressure of 17.7 MPa followed by cold isostatic 
pressing at 400 MPa.  These pellets were then heated at 5 °C min-1 to 1225°C under 
an oxygen atmosphere and sintered for 2 hours.  To minimise PbO loss through 
sublimation the sample was sintered in a powder bed of PbZrO3 and ZrO2. 
Samples for TEM examination were prepared by a standard procedure of 
polishing, disc cutting, dimpling and ion-milling.  Samples were coated with a thin 
carbon coat to prevent charging in the TEM.  Transmission electron microscopy was 
performed with a Philips CM20 TEM operated at 200 kV.  Conventional bright field 
imaging was combined with convergent beam electron diffraction (CBED) to 
characterise both the microstructure and the crystallography of the domains. 
It may be noted in the CBED patterns shown in this paper (Figures 4 and 5) that 
no higher-order Laue-zone (HOLZ) lines could be observed in the patterns, and that in 
general, the Kikuchi lines were somewhat diffuse.  This is not surprising in PZT 
ceramics as the high average atomic number of the material results in high Debye-
Waller factors for all reflections at room temperature seriously reducing their 
sharpness and intensity; this effect is particularly serious for higher-order reflections 
and they are in most cases completely invisible.  The only way to get sharp HOLZ 
reflections would be to work at much lower temperatures, for instance using liquid 
nitrogen cooling. This would, however, completely change the stress state of the 
ceramic since c/a ratios are strongly temperature-dependent.  Thus, it is not feasible to 
use HOLZ lines for studying the stress states of PZT ceramics at room temperature.  
For this reason, the method described below using the lower-order Kikuchi lines is the 
only direct method of local (nanoscale) stress measurement for these materials at 
these temperatures. 
 
Crystallographic measurements from diffraction patterns 
All PZT compositions form a simple cubic perovskite phase with the space 
group m3Pm  above their Curie temperature.  The PZT composition used in this 
study leads to the formation of a simple tetragonal perovskite crystal structure with 
space group P4mm (Number 99 in the International Tables for Crystallography 
Volume A16) below the Curie temperature (~ 360°C in this case).  The symmetry 
elements in this space group are 2- and 4-fold rotations about the c-axis together with 
mirror planes on (100), (010), (110) and ( 011 ).  All symmetry elements of the parent 
cubic phase on planes or lines with a component perpendicular to the c-axis are lost 
due to the non-centrosymmetric nature of this polar structure.  Please note that for 
generalised indices it should be explicitly noted that the crystal system is tetragonal 
and thus <110> is inequivalent to <101>, 17 is inequivalent to {001} and so on.  This 
normal convention of representing equivalent planes and directions16,18 was preferred 
to the mixed bracket notation of Hug et al.19.  Rietveld refinement of a powder X-ray 
diffractogram from a pulverised sample of the ceramic used in this work yielded 
lattice parameters of a = 4.0202(2) Å, c = 4.1371(2) Å corresponding to a c/a ratio of 
1.02920. 
A very common feature of tetragonal ferroelectrics is the presence of so-called 
“90°”-domain boundaries.  These separate domains where the c-axis is rotated by 
approximately 90°.  Perfect lattice matching between adjacent domains is only found 
on one given {101} plane (this can be derived using the arguments of Fousek and 
Janovec6, for example) and normally results in the formation of lamellar structures of 
alternating domains as described above.  The lattice matching at the interface has the 
consequence, however, that the angle between the two c-axes deviates from 90° as 
shown in Figure 1.  Good examples of high resolution TEM image of such a 
boundaries can be seen in Stemmer et al.21.  The angle, 90°-δ, can be simply 
determined from simple trigonometry as 2tan-1(a/c).  For our c/a ratio of 1.029, 90°-δ 
= 88.36° and thus δ = 1.64°.  Despite the fact that the boundaries are not atomically 
sharp, having a finite width of the order of 1 nm with less distorted unit cells in the 
wall core, this relationship between the c/a ratio and the angle 90°-δ has been found 
experimentally to be well preserved21. 
To determine the crystallographic orientation from a Kikuchi pattern close to a 
major zone axis, Z, the following procedure was used (see Figure 2).  Two 
perpendicular Kikuchi lines were indexed, and the directions normal to these 
(reciprocal lattice vectors) were thereby also indexed.  This gives two vectors g1 and 
g2.  The angles of the projections of these vectors onto the diffraction pattern from the 
horizontal, α and β were measured.  The distance of the pattern centre (usually 
indicated with the microscope pointer) from the zone axis, n, was measured together 
with the angle of this direction from the horizontal, θ.  Correction was always made 
for any rotation of the negatives either in the negative holder in the TEM or in the 
film scanner.  The camera length, L, could be calibrated from the widths of the 
Kikuchi lines.  The distance n could be converted to an angle of tilt from the zone axis 
using γ = atan(n/L).  This provided the input data for the calculations. 
A unit vector from the zone axis in the direction of a point above the pattern 
centre could be defined by vector addition of the two vectors defined from the g 
vectors: 
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A vector in plane perpendicular to both B and n' can be calculated as B×n'.  The 
vector n defining the direction in plane from the zone axis to the pattern centre can 
now be derived as: 
 n = (B×n')×B (3) 
Vertical and horizontal directions, V and H, in the pattern can then be 
determined by simple trigonometry and vector addition as: 
 V = n sin(θ) + B×n cos(θ) (4) 
 H = n cos(θ) - B×n sin(θ) (5) 
The result of this is a matrix constructed from the three orthogonal vectors 
describing the orientation of the crystal as shown below with the three vectors B, V, 
and H each as a column vector: 
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The rotation matrix describing the relative orientation of two domains can then be 
easily determined: 
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The axis/angle pair, (r,θ), describing the rotation was then extracted from the 
rotation matrix and the axis, r, converted back to tetragonal indices.  For a specific 
boundary, a number of trial indexing schemes can be used and one will typically fit 
much better than the others.  Thus the results (at least in the examples in this paper) 
were mostly unambiguous. 
 
 
 
III. Results and Discussion 
 
Structural characterisation of a domain boundary junction 
Figure 3a shows a bright field image of a grain in the tetragonal PZT sample where 
the normal lamellar domain structure is clearly apparent.  Closer inspection shows 
that it actually consists of two lamellar regions separated by a slight kink region in the 
centre.  A close-up of this kink region is shown in Figure 3b.  A number of things may 
be immediately observed.  Every second domain appears to be continuous through the 
kink region, although some fringe contrast may be seen in the kink region itself.  The 
other domains show a more abrupt change in image contrast at this junction, together 
with stronger fringe contrast.  Also, some of these latter domains end at the junction 
and do not connect to domains on the other side.  The fringe contrast probably arises 
as a kind of Δw fringe contrast due to the small crystallographic misorientation 
between the two domains at the boundary22.  The near-uniformity of image contrast in 
domains away from the junction testifies that the sample is relatively flat and was not 
significantly bent in preparation, apart from perhaps at the very thinnest regions (not 
used in this analysis).  The images were recorded with the sample oriented close to a 
<110> or <101> axis and are multibeam images.  This allows the approximate 
projection of a number of crystallographic directions to be seen. 
The sample was then tilted so that a CBED pattern from position a was 
perfectly aligned with the axis.  CBED patterns were then recorded from positions b, c 
and d without changing the tilt angles on the goniometer and these are shown in 
Figure 4.  It is clear that domain b is oriented so that the pattern centre sits somewhat 
to the right of the zone axis, that domain c is oriented so that the pattern centre is to 
the left of the zone axis, and finally that domain d is only slightly misoriented to the 
right from the zone axis. 
In order to distinguish between the rather similar <110> and <101> axes it is 
necessary to tilt each domain on axis and examine the pattern symmetry in detail.  As 
pointed out above many of the symmetry elements of the cubic perovskite m3Pm  
structure are lost on transformation to the tetragonal P4mm structure below the Curie 
temperature.  In particular the mirror planes on (010) and on {101} planes are lost 
(i.e. (101), ( 110 ), (011) and ( 101 )).  However the other mirror planes on (100), 
(010), (110) and ( 011 ) are retained.  Similarly, the 2-fold rotation axis axes about all 
<101> directions are lost.  The reader is referred to the International Tables for 
Crystallography Volume A16 for further details. 
If one considers the <110> and  <101> axes, the following conclusions can be 
reached: 
• Along the [110] axis the only symmetry element will be a mirror plane on ( 011 ), 
similar applies for other <110> axes. 
• Along the [101] axis the only symmetry element will be a mirror plane on (010), 
similar applies for the other <101> axes. 
Thus, it is relatively easy to use the symmetry in a CBED pattern to distinguish 
between these two otherwise similar looking axes of a tetragonal perovskite.  Figure 5 
shows zone-axis CBED patterns from each of the 4 positions marked in Figure 3b (the 
sample was tilted to the zone axis of each position in turn). 
Figure 6 shows schematic indexed diffraction patterns for the [110] and [101] 
axes.  It is apparent that Figures 5a and 5d display a mirror on a 23 plane.  Thus it can 
be concluded that both axes are <110> axes.  Figures 5b and 5c on the other hand 
show a mirror on a {010} plane.  It is therefore clear that these two domains are 
oriented along <101> axes. 
In order to start the indexing of the patterns, an arbitrary choice of the unit cell 
orientation for one of the domains must be made from the different symmetrically 
equivalent variants.  Domain a was oriented along a <110> axis, and the unique 
choice was made to index this as [ 011 ].  The four different indexing schemes were 
tried for domain b corresponding to rotations of 90°±δ about the four <100> axes.  
The best match was achieved when [ 110 ] was indexed as the zone axis in domain b.  
This corresponds to a rotation of 88.94° about the axis [-1.00000, 0.00047, 0.00298], 
which is only 0.18° from the [ 001 ] axis.  From this 90°-δ value we can deduce a 
local c/a ratio of 1.019 which is close to, although a little lower than the bulk c/a ratio 
from X-ray diffraction of 1.029. 
Similarly, if one starts from domain d which appears to be only slightly 
misoriented from domain a, and is also a <110> axis, then there are only two possible 
relative orientations to domain a.  Either they are the same domain and one indexes it 
also as a [ 011 ] orientation, or it is a 180° domain.  There is insufficient evidence 
from the image contrast to determine whether or not it is a 180° domain since the 
image contrast between areas a and d is dominated by strain contrast and possibly 
some fringe contrast from the boundary (a relatively large area of boundary is visible 
as it is almost perpendicular to the beam).  If this domain d is indexed as being close 
to [ 011 ] then the best fit for the rotation from domain c to domain d is given by 
indexing domain c as [ 110 ].  This corresponds to a rotation of 88.3° about the 
common axis [0.00183, -1.00000, 0.00045], which makes an angle of 0.11° with 
[ 010 ].  This angle of 88.3° corresponds to a local c/a ratio of 1.030, very close to the 
X-ray value of 1.029. 
Thus, it is clear from this that domains a and d have the same direction of the c-
axis (although the sense is undetermined), b has one of the other possible orientations 
and c has the third possible orientation.  Thus, we are dealing with an area where two 
lamellar structures meet between domain variant a and b and between domain variant 
a or ad ≡  and c.  Such domain structures have been described previously by Arlt and 
co-workers9,10 and were found to be very common in larger grained BaTiO3.  This 
was described as the α type domain structure and is schematically represented in 
Figure 7a.  The slice through the three-dimensional structure of Figure 7a made by 
our TEM specimen is represented by the grey shaded region and is redrawn in Figure 
7b for simplicity and clarity. 
It is clear from this representation that if two domains are separated at the 
vertical junction of Figure 7a by a “90°” domain boundary (in our case domains b and 
c), then the other two are separated by a 180° domain boundary (in our case a and d).  
Thus, it becomes necessary to re-index the results given above for domains c and d.  If 
we rotate domain d by 180° about the [010] axis then this gives a new indexing for the 
beam direction of close to [ 011 ].  The best fit of the rotation from domain c to 
domain d for something that corresponds to a 90°-δ domain boundary is then a beam 
direction close to [ 110 ] for domain c.  The rotation then corresponds to 88.3° about 
the common axis [-0.00183, -1.00000, -0.00045], which is as before 0.11° from 
[ 010 ].   
Now that the ad boundary has been identified as a 180° boundary, the relative 
orientations of domains a and d and of domains b and c can be considered.  It may 
perhaps be expected that there should be no rotation between domains a and d, except 
for the 180° rotation about some axis perpendicular to the [001] polarisation axis.  
This, is however not the case and some strain contrast is visible at the interface and 
there is a clear change in the excitation of diffracted beams from one side to the other 
in Figure 3 with domain d significantly darker than domain a.  This is born out by the 
CBED patterns of Figure 4 showing a slight tilt of domain d away from the <110> 
zone axis.  This tilt can be quantified as 0.58° about the [0.016, 0.986, -0.160] axis, 
which
case and the deviation from this is quite large: 1.78° about [-0.664, 0.088, -
0.743]. 
Strai
cture determined 
above if δ=0.  The rotation from b to c could then be represented as 
 
 (8) 
 makes an angle of 9.5° with [010].   
Meanwhile if all were ideal then the rotation between domain b and domain c 
would correspond to a 90°-δ rotation about a <100> direction (plus an additional 
symmetry rotation of 90° about [001], see the next section for details).  This is clearly 
not the 
 
n at band junctions between different lamellar regions 
To understand these deviations from ideality, one has to consider the non-
orthogonality of the domains.  If all the rotations were 90° then there would be no 
mismatch.  A rotation of [100]/90° from b to a, followed by a rotation of [010]/180° 
from a to d, followed by a rotation of [010]/90° from d to c would represent the 
sequence of rotations performed on going round the domain stru
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This corresponds to something more than a pure 90° rotation about [100] or 
[010] but closer inspection shows that the cell has simply been additionally rotated by 
90° about [001].  This is a symmetry operation of the tetragonal system so we can 
rotate the cell by [001]/90° without changing the physical situation, this is performed 
below and the resulting matrix then describes a [ 010 ]/90° rotation as expected: 
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As should be clear, performing these rotations with δ ≠ 0° cannot return the 
original orientation.  Thus, there will necessarily be some strain and bending 
somewhere in the domain structure.  This can be illustrated by the following example.  
If we assume that the domains a and d are in fact perfectly aligned (apart from the 180 
degree rotation) and that the rotations from a to b and from d to c are as expected for 
the 90°-δ value given for our measured c/a rat
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 Following the domain structure deduced above rotation Rba corresponds to 
[100]/88.3°, Rad to [010]/180°, and Rdc to [010]/88.3°.  When one performs this 
sequence of rotations Rmismatch can be derived.  This rotation corresponds [-0.583, -
0.583, -0.566]/2.96º.  It is therefore clear that such a junction between lamellar 
regions will have a large mismatch between the correct angle for meeting between 
one pair of domains (for instance those separated by the 180º domain boundary) and 
the other pair separated by the 90°-δº d
 concentrations at such boundaries. 
One could characterise this angular mismatch at the junction of the four 
domains as a disclination24.  In the present case, we formally have a disclination of 
one sign at the lower junction and one of the opposite sign at the upper junction.  This 
is illustrated on Figure 3b with the ⊗ and ? symbols.  Thus the structure described 
above of rotationally mismatched domains can fully equivalently be described as an 
array of disclination dipoles.  The long-range strains of the individual disclinations 
would be cancelled by the strain fields of the neighbouring disclinations of opposite 
sign leaving only stress in the immediate vicinity of the disclinations.  This would 
allow the presence of disclinations, whereas they are not normally found in crystals 
due to the extremely high energy associated with the unrelaxed long-range strain field 
except for the case of liquid crystals where shear moduli are relatively low25.  Such a 
model has previously been discussed for such band junctions in Ferroelectrics26; the 
prese
uch more stressed than the ad boundary, 
althou
nt study shows the first direct experimental verification of this model. 
Following Arlt9 one would expect that the two boundaries ab and cd should be 
more or less normal 90°-δ boundaries with little deviation from the ideal rotation 
angle since these boundaries will have a much larger surface area than the boundaries 
ad and bc.  This is confirmed by our analysis of the electron diffraction patterns, and 
this shows that the twinning angle is preserved despite any finite thickness that the 
boundaries may have, in accordance with the previous results of Stemmer et al.21.  
This also confirms that despite the relatively small thickness of the TEM sample, the 
crystallography of the standard lamellar domain structures is well preserved.  Since 
the boundaries ad and bc are mostly unstrained, the majority of the strain will be 
concentrated at the ad and bc boundaries, as also observed in the TEM images and 
diffraction patterns shown above.  Of course in the thin TEM specimen some of the 
three dimensional constraint has been lost which would have been present in the bulk 
material, and the bc boundary seems to be m
gh strain contrast is present at both.   
This mismatch strain was first considered by Arlt and co-workers9,10 who 
estimated the extra energy caused by constraining the 90°-δ domain walls across the 
junction to fit (such as the b to c boundary), this was further refined by Pertsev and 
Arlt26.  Their considerations do not perhaps calculate the mismatch angles or axes as 
rigorously as was performed above with matrices but clearly show that a large amount 
of strain energy is stored in such junctions between different lamellar regions.  Thus, 
such banding of grains into different lamellar regions only occurs above a certain 
critical grain size where the extra energy from such junctions is less than that of the 
stress to the grain as a whole for not adjusting shape in 3 dimensions.  As Arlt et al.10 
point 
 is not 
quite 
that half of the bending is accommodated across the ad boundary and half across the 
out, this critical grain size will be smaller for PZT than for the BaTiO3 mainly 
studied by them due to the higher c/a ratio of tetragonal PZT. 
It should be noted that the mismatch angle, α, resulting from the 3 combined 
rotations is rather higher than the δ angle for c/a.  It would be complex to write an 
analytical equation for this angle but it is easily calculated numerically from the 
matrix multiplication of (6) and is plotted against c/a in Figure 8.  The α/δ ratio
constant but only increases slowly with c/a from about 1.73 to 1.75 in the range 
of the graph.  In Arlt9,10 the angle that was used, β ≈ δ, as defined in this paper. 
Now the mismatch strain concentrated across the boundaries ad and bc could be 
accommodated elastically in the crystal, or could be at least partly accommodated by 
arrays of edge dislocations contained in these boundaries.  Such dislocations have not 
yet been observed, but it is still possible that they exist, perhaps with a smaller 
spacing than could be observed in bright field TEM.  Nevertheless, simple 
calculations can be used to at least set upper limits on the strains that could be 
concentrated in the vicinity of such boundaries.  If we assume rather conservatively 
bc boundary, then the relevant bend angle is α/2.  The bending seems to occur across 
100 nm from examination of the contrast in Figure 3b.  This gives a radius of 
urvature of: 
 (11) 
 The peak tensile stress if the 
omains are approximated as parallel-sid
(12) 
not immediately crack the material due to the 
clamp
c
r = 200/α 
The domains have a thickness, t, of about 100 nm. 
d ed bars is then: 
 εmax = t/2r =tα/400 
The Young’s modulus for PZT is about 80 GPa17 so we can translate this strain into a 
peak stress of 1.09 GPa for a c/a ratio of 1.03 as shown above.  Of course, proper 
consideration of the geometry of the situation would adjust this figure somewhat.  It is 
also the case that this strain could be reduced by the formation of edge dislocation 
networks in the boundaries.  Thus, the peak stress will probably be a little lower than 
this, although of a similar order of magnitude and this illustrates very well the 
massive concentration of stress that occurs at these junctions between lamellae.  It 
may of course be remarked that such high stresses are in excess of the yield strength 
of the ceramic.  It is no doubt true that if such a large tensile stress were applied to a 
bulk PZT ceramic it would fracture instantaneously.  Nevertheless, the bulk fracture 
strengths of ceramics are dominated by the effects of large surface defects such as 
open pores and scratches, and bear little relation to the intrinsic strength of the 
material.  If the high strains discussed here are confined to 100 nm regions within 
grains, then such high stresses may 
ing effect of the surroundings. 
This maximum (elastically accommodated) stress, σMax, is plotted against c/a on 
Figure 8.  With increasing Ti content the c/a ratio increases to ultimately reach > 1.06 
for PbTiO3 with quite drastic consequences.  In order to ensure the 3D 
accommodation of strain, such domain banding with boundaries between different 
lamellar structures becomes increasingly necessary and the width of the bands will 
become smaller10.  At the same time the stress concentrations at these junctions 
between the bands will increase higher and higher with the maximum stress predicted 
to reach over 2.5 GPa according to the calculations shown in Figure 8.  Such a high 
stress level is almost certain to spontaneous microcracking as has frequently been 
observed for PbTiO3 ceramics.  Certainly when an additional strain is applied, for 
example in the form of an applied electrical field, this will further concentrate stress at 
these band junctions leading ultimately to crack nucleation and growth, resulting 
ultimately in material failure.  This perhaps explains many of the difficulties in 
producing and using PbTiO3 in ceramic form.  It should also be noted that, where 
PbTiO3 has successfully been sintered to a dense ceramic, this was only possible 
where the grain size was well controlled and kept as small as possible27-31.  This 
would minimize the formation of such banded structures and their associated stress 
concentrations and should result in most domains having just one lamellar structure, 
although whether this was truly the case is not clear since the published studies on 
sintering of PbTiO3 ceramics do not usually provide detailed micrographs of the 
domain structures. 
It is also clear, that even for much lower c/a ratios typical of tetragonal PZT 
compositions, such as that examined in this article, junctions between different 
lamellar bands constitute significant stress concentrations.  Particularly under the 
influence of applied fields, this could lead to further stress concentration and the 
nucleation of microcracks at the most highly stressed areas, resulting in mechanical 
damage to the material on repeated electrical cycling.  Moreover, in order to achieve 
switching of a grain towards a single domain state under the influence of an electrical 
field will require the movement of such junctions and thus the cooperative movement 
of all domain boundaries.  This could alternatively be viewed as requiring the 
movement of the disclinations at the four-domain junctions through the material as the 
boundaries move.  This would exert enormous local stresses and could also result in 
mechanical fatigue to the material.  These processes could well explain the nucleation 
of microcracks in the bulk of a ferroelectric device (and not just close to the 
electrodes) as was observed by Nuffer et al.3 for a commercial tetragonal PZT 
composition.  Furthermore, the difficulty of moving the band junctions will contribute 
to the difficulty of achieving complete domain rotation in large grained PZT and may 
well be a significant contributory factor to the well-known “hard” piezoelectric 
prope
 
effects may occur in such compositions, albeit with different crystallographic details. 
IV. C
rties of many tetragonal PZTs. 
The magnitude of the stresses associated with such 4-domain junctions will be 
reduced at lower c/a ratios.  Thus, compositions closer to the morphotropic phase 
boundary will experience fewer problems with this effect than those having higher Ti 
contents.  In view of the totally different crystallography in the rhombohedral phase, 
the effect as described here will no longer be applicable in compositions to the Zr-rich 
side of the morphotropic phase boundary, although it is possible that analogous
 
 
onclusions 
A junction between two lamellar bands in a grain of a (Pb-
0.965La0.01Sr0.02)(Zr0.45Ti0.55)O3 ceramic has been studied using both bright field 
imaging and convergent beam diffraction in a transmission electron microscope.  The 
crystallographic orientation of each domain was unambiguously determined from 
CBED patterns and the four domain boundaries present at the junction were thus 
characterised.  The domain boundaries in the lamellar regions to either side 
correspond to 90°-δ boundaries as expected but those at the junction contain 
additional strain.  It was shown that this must necessarily be the case, as a 
consequence of the non-orthogonality of so-called “90°” domains.  The angular 
mismatch at this band junction was demonstrated to be equivalent to an array of 
disclination dipoles at the four domain junctions as previously proposed by Pertsev 
and Arlt26.  The resulting stress was calculated and peak stresses could exceed 1 GPa 
if not at least partially accommodated by additional defects, such as dislocation arrays 
in the boundaries.  This would increase even further with increasing c/a ratio and it 
was shown that this might well explain the microcracking of coarse-grained PbTiO3 
ceramics either directly after sintering or on exposure to electric fields.  It was also 
shown that such stress concentrations could result in premature mechanical failure of 
tetragonal PZT compositions and may contribute to the ferroelectric hardness of these 
compositions. 
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 Figure captions 
 
 
Figure 1: A schematic diagram of a “90°”-domain boundary in a tetragonal perovskite 
formed by rotation about the [010] axis. 
 
Figure 2: Schematic of the main measurements made on a negative of a Kikuchi 
pattern. 
 
Figure 3: TEM images of the kinked lamellar structure in a 
(Pb0.965La0.01Sr0.02)(Zr0.45Ti0.55)O3 sample.  a) Overview of the grain, the kink region is 
arrowed; b) close-up of a few domains at the kink, with the points used for CBED 
experiments marked. 
 
Figure 4: CBED patterns from the 4 different areas marked in Figure 3b. 
 
Figure 5: On-axis CBED patterns of the central discs from positions a, b, c and d.  In 
some cases the pattern centre is very slightly offset from the exact zone axis.  
Nevertheless it is possible to recognise unambiguously the mirror plane in each 
pattern.  The original greyscale images have been coloured using a colour scale to 
represent different grey levels, this has the advantage of making the extremes of 
contrast more easily visible, as well as improving the visibility of small contrast 
changes. 
 
Figure 6: Schematic indexed diffraction patterns for the [110] and [101] axes of a 
tetragonal perovskite. 
 
Figure 7: a) Schematic representation of the spatial domain configuration of the α 
type (after Arlt et al.9) with the approximate plane of the TEM specimen used in this 
work shown in light grey and the approximate beam direction shown as B. b) 
Schematic representation of the domain structure in the TEM specimen with all 
domain walls shown as striped regions. 
 
Figure 8: Graph of δ, α and σMax against c/a, the two angles are plotted against the left 
hand axis and the stress against the right hand axis.  Measured c/a values from Joseph 
et al.31 for PbTiO3 and PZT and from Kwei et al.32 for BaTiO3. 
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